The residence time of crystals in magmatic systems is an essential parameter to describe the dynamics of these systems and to evaluate the temporal representativeness of the mineral data used to document the physical conditions in the magmas. Uranium-series disequilibria in mineral separates from young volcanic rocks with a known eruption date provide unique insights into these residence times. Ra- 230 Th model ages are difficult to obtain owing to the strong influences of uncertainties in the partition coefficients, the temperature of crystallization and the correction for glass impurities in crystal separates. Nevertheless, if these uncertainties are taken into account, 226 Th model ages in the range 0-2000 years are obtained for the plagioclase separates. More complex models elaborated on the basis of the compositional zoning observed in plagioclase phenocrysts suggest that the cores of the crystals are at most 8500 years old. Overall, these results indicate that the plagioclase phenocrysts are relatively young and are not sourced from a long-lived near-solidus crystal mush as is often suggested for arc volcanoes. A more dynamic system in which crystallization predominantly occurs in response to degassing during ascent of the melts is conceivable at Volc an de Colima.
Th) activity ratios in plagioclase are predominantly controlled by glass present as inclusions in the crystals or adhering to their rims, even in high-purity crystal separates with less than 2% glass. Variations in these activity ratios are best explained by crustal assimilation during crystallization and do not require ageing of the crystals. One plagioclase separate with very limited contamination by glass impurities has a demonstrable zero 230 Th-238 U crystal age. Precise
226
Ra- 230 Th model ages are difficult to obtain owing to the strong influences of uncertainties in the partition coefficients, the temperature of crystallization and the correction for glass impurities in crystal separates. Nevertheless, if these uncertainties are taken into account, 226 Th model ages in the range 0-2000 years are obtained for the plagioclase separates. More complex models elaborated on the basis of the compositional zoning observed in plagioclase phenocrysts suggest that the cores of the crystals are at most 8500 years old. Overall, these results indicate that the plagioclase phenocrysts are relatively young and are not sourced from a long-lived near-solidus crystal mush as is often suggested for arc volcanoes. A more dynamic system in which crystallization predominantly occurs in response to degassing during ascent of the melts is conceivable at Volc an de Colima.
INTRODUCTION
The chemistry of minerals and their inclusions provides information on the physical state and pre-eruptive evolution of magmatic systems (e.g. Blundy & Cashman, 2008; Putirka, 2008) . This information, particularly the temperature, crystallinity and volatile contents of the magmas, is essential to characterize their rheology and to evaluate the explosive potential of volcanoes.
To evaluate the temporal representativeness of the mineral record it is, however, essential to establish the age and residence time of the crystals in the magmatic system. In the absence of age constraints, it is debatable whether the mineral data provide a record of the conditions in the magmatic system close to the time of eruption or a record integrated over thousands to hundreds of thousands of years.
Disequilibria between short-lived U-series isotopes allow determination of the absolute ages of phenocrysts in young ((350 ka) volcanic rocks (e.g. Pyle et al., 1988; Volpe & Hammond, 1991; Cooper & Reid, 2003; Turner et al., 2003; Sims et al., 2007 Sims et al., , 2013 . If the eruption date is known, then the residence time of the crystals in the magmatic system can be recovered. Two independent isotopic systems covering distinct age ranges may be used. The 230 Th-238 U system covers an age range between 350 and $10 ka, whereas the 226 Th system applies to the range 8000 to $100 years. In both cases the lower limit is defined by the analytical uncertainty of the measurements, and the upper limit corresponds to the time taken for the respective isotope pairs to return to secular equilibrium (i.e. $5 half-lives of the daughter isotope). Previous studies have demonstrated that these age ranges effectively encompass the residence time of crystals in subvolcanic magmatic systems (e.g. Pyle et al., 1988; Volpe & Hammond, 1991; Cooper & Reid, 2003; Turner et al., 2003; Sims et al., 2007 Sims et al., , 2013 Eppich et al., 2012; Ruprecht & Cooper, 2012) . Difficulties with these techniques arise from the moderate to high incompatibility of Ra, U and Th and extremely low concentrations of 230 Th and 226 Ra in volcanic phenocrysts (of the order of 10 -14 g g -1 for 226 Ra). As 2-3 g of purified crystal separates are required per measurement, the textural and compositional representativeness of the population analysed needs to be evaluated. As a corollary, small amounts of glass and mineral inclusions enriched in U and/or Th relative to the host mineral will strongly affect the results and must be taken into account. In the case of 226 Ra, the absence of a stable or long-lived isotope of Ra precludes the use of an isochron approach and requires knowledge of the partitioning between Ra and Th or of a chemical proxy of Ra (e.g. Ba) during crystallization of the investigated mineral (Cooper & Reid, 2003) . Furthermore, the closed-system crystallization assumption inherent in these dating approaches is often not met in petrologically complex arc magmas and thus the magmatic evolution needs to be considered explicitly during data interpretation. In view of these limitations, U-series ages should be viewed as models delimiting an array of possible ages rather than absolute dating techniques. Nevertheless, U-series crystal ages have proven to be an important and in fact the only tool available to constrain the absolute age and residence time of phenocrysts in magmatic systems for which the thermal history is not thoroughly constrained.
Previous U-series crystal age studies have determined the residence times of phenocrysts in magmatic systems to be, in most cases, between 1 and 100 kyr (see Cooper & Kent, 2014 , and references herein). These relatively long time scales have been taken as indicating that the phenocrysts spent a significant proportion of their time at near-solidus temperatures in a crystal mush (Turner et al., 2003; Cooper & Kent, 2014) . A rather sluggish view of the dynamics of magmatic systems emerges from these considerations. This also implies that the mineral data represent records integrated over thousands to tens of thousands of years and not snapshots of pre-eruptive conditions. Whether this is true for all volcanoes is questionable. For example, at Volc an de Colima, Mexico, the changes in the petrology of erupted magmas over short time intervals in the last 200 years and the temporal match between melt inclusion and seismic records suggest that the phenocrysts effectively depict the state of the system close to the eruption time (Reubi et al., 2013) . To test whether this implies that the phenocrysts that host the inclusions formed shortly before eruption or that the crystals resided at the levels of entrapment of the melt inclusions for significant times before being sampled by the current activity, we investigate the crystal ages in Volc an de Colima magmatic rocks using measurements of 230 
VOLCAN DE COLIMA
Volc an de Colima (VDC), Mexico is one of the most historically active volcanoes in North America (Luhr & Carmichael, 1980) . It is situated in western Mexico and is part of the subduction-related Trans-Mexican Volcanic Belt (Fig. 1) . Nine major eruptive phases have occurred at VDC over the last 200 years, including two major sub-Plinian to Plinian eruptions in 1818 and 1913 and effusive eruptions in 1869 , 1880 , 1961 -1962 , 1975 -1976 , 1981 -1982 and 1991 (Gonzales et al., 2002 . The most recent eruptive phase started in November 1998 and has continued intermittently since then. The volcanic activity is characterized by periods of predominantly effusive emplacement of lava domes and flows in 1998 -1999 , 2001 , 2004 , 2007 -2011 -2015 and periods of strong intermittent Vulcanian explosions in 1999 and 2005 . The total volume of magma erupted between 1869 and 2010 is estimated at 0Á96 km 3 (dense rock equivalent, DRE) (Luhr & Carmichael 1990; Saucedo et al., 2010; Reubi et al., 2013) . The average effusion rate over the last 140 years is 0Á007 km 3 a -1 . The samples investigated here are from the 2004 and 2007 effusive phases. These samples were previously used for detailed petrological and geochemical work on the 1998-2010 magmas, including studies of the mineral and melt inclusions chemistry (Reubi & Blundy, 2008; Reubi et al., 2013) , as well as bulk-rock U-series data (Reubi et al., 2013 (Reubi et al., , 2015 .
PETROLOGY OF THE 1998-2010 MAGMAS
All historical magmas at Volc an de Colima are andesitic in composition with 58-62 wt % SiO 2 , whereas the 1998-2010 magmas show a slightly more restricted range of compositions with 59Á0-61Á4 wt % SiO 2 (Fig. 2 ) (Luhr & Carmichael, 1980 , 1990 Luhr, 2002; Mora et al., 2002; Reubi & Blundy, 2008; Savov et al., 2008; Reubi et al., 2013) . The 1998-2010 andesites are porphyritic with 30-38 vol. % phenocryst-sized minerals (i.e. irrespective of their origin and extent of equilibrium in the erupted magma) (Luhr & Carmichael, 1990; Luhr, 2002; Reubi & Blundy, 2008; Savov et al., 2008) . Plagioclase is the dominant phase (24-34 vol. %), followed by clinopyroxene, orthopyroxene and titanomagnetite. Small proportions (<1 vol. %) of resorbed hornblende are observed in these magmas. Phenocryst compositions are relatively uniform and unimodal in all samples and show broad main populations in the ranges An% 60-40 and Mg# 77-70 for plagioclase and pyroxenes respectively (Luhr & Carmichael, 1990; Luhr, 2002; Reubi & Blundy, 2008; Savov et al., 2008) . Ca-rich plagioclase (to An 82 ) and Mg-rich pyroxene (to Mg# 88) outliers are found in all lavas. The vast majority of these compositional outliers correspond to resorbed cores surrounded by rims with the same compositional range as the main populations (Reubi & Blundy, 2008) .
The most striking petrological feature of the 1998-2010 magmas is the abundance of euhedral oscillatoryzoned plagioclase crystals showing relatively limited variations in composition (<15 An%). Some of the crystals nevertheless show one or several sharp resorption zones associated with increases in An, with amplitudes of 10-15%. Reubi et al. (2013, in press) have shown that plagioclase An% is correlated with the Sr content of the melt and that the sharp resorption zones result from changes in melt composition produced by repetitive influx of slightly less differentiated melts during crystallization in the Colima magmatic system.
Gabbroic crystal clots showing a range of texture from glomerocrysts with vesiculated interstitial glass to plutonic nodules are observed in all 1998-2010 lavas and represent up to 15% of the total volume. The interstitial glasses found within the gabbroic clots and a subset of melt inclusions found in the phenocrysts have distinctive high large ion lithophile element (LILE) signatures that are thought to result from partial melting of the gabbroic fragments (Reubi & Blundy, 2008 ). Based on textural and compositional similitudes, these gabbroic clots are believed to be the source of the mafic crystal cores observed in the phenocrysts. The melt inclusions representative of the crystallizing melts are dacitic in composition (64-72 wt % SiO 2 ) and exhibit compositional trends consistent with up to 40% crystallization of the phenocryst assemblage under vapour-saturated conditions at pressures <1Á5 kbar (Reubi et al., 2013) . Variations in incompatible trace element ratios and U-series disequilibria in the 1998-2010 magmas further suggest that a small amount ( 5%) of crustal assimilation of basement granodiorite affected these magmas (Reubi et al., 2014) .
Overall, these features suggest the following petrogenetic model (Reubi & Blundy, 2008; Reubi et al., 2013) : (1) ascending differentiated melts entrain and mingle with fragments from a gabbroic crystal mush; (2) as they reach vapour saturation, the differentiated melts crystallize, mainly in response to decompression; the predominant phenocryst populations and the rims surrounding the mafic crystal cores crystallize at this stage; (3) repetitive influxes of slightly less differentiated melt occur during crystallization; (4) a limited amount of crustal contamination occurs in the subvolcanic magmatic system.
As seen below, the plagioclase separates from the 2004 and 2007 magmas show the same petrological characteristics as the plagioclases in the other 2008-2010 magmas. The significance of the U-series crystal ages will, consequently, be evaluated in the context of the above petrogenetic model in the Discussion section.
METHODS
Plagioclase separation was performed for the selected samples on multiple size fractions. The samples were first broken up into centimetre-sized chips using a hammer and then lightly crushed in an agate mortar for a few seconds. The fragments obtained were sieved and separated into three size fractions, <90, 90-125 and 125-355 lm. Each fraction was rinsed several times with deionized water, sonicated in an ultrasonic bath for 20 min and dried before plagioclase separation based on magnetic and density properties. Plagioclases were initially purified using a hand magnet and subsequently using a Franz magnetic separator. Plagioclase separates of variable degree of purity were obtained by progressively increasing the applied magnetic fields during successive runs. Only the high-purity fractions were kept, except for sample 2007 for which slightly magnetic plagioclase grains were also analysed to evaluate the role of inclusions (fractions identified by the letter D in their names). The purified plagioclase fractions were subsequently run through heavy liquids (bromoform, 2Á84 g ml -1
) to perform a density separation and remove any dense and non-magnetic accessory phases such as zircon and apatite. Small amounts of apatite were recovered for each fraction, but zircons were not observed. For sample 2007, U-series data were measured for four plagioclase fractions corresponding to two size fractions (90-125 and 125-355 lm) and two degrees of purity. For sample 2004, two high-purity plagioclase size fractions (90-125 and 125-355 lm) were analysed. The groundmass corresponding to the fraction <90 lm after the initial light crushing was also analysed for each sample. Plagioclase and groundmass separates were cleaned prior to sample digestion by ultrasonication multiple times in deionized (Milli-Q) water. A small portion of the plagioclase separates was mounted in epoxy for textural and chemical analysis by electron microprobe. Additional microprobe work was performed on polished thin sections of the same samples to assess the representativeness of the plagioclase separates.
Plagioclase separates mounted in epoxy and in thin sections were analysed at the University of Lausanne using a JEOL 8200 wavelength-dispersive spectrometry (WDS) instrument. The analytical conditions were 20 kV accelerating voltage, 2 lm beam diameter, and 15 nA beam current. Between 30 and 80 grains were analysed per mount. Back-scattered electron (BSE) images of each grain were used to identify the sectors with the highest and lowest anorthite contents (An%). Quantitative spot analyses were then conducted on these extrema to document the compositional range of each grain. The complete dataset for plagioclase separates is presented in Supplementary Data Electronic Appendix A1 (supplementary data are available for downloading at http://www.petrology.oxfordjournals. org). 238 Th/ 232 Th isotopic ratios were measured by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) at the Wyoming High Precision Isotope Laboratory, using a ThermoFisher NEPTUNE Plus. Details of the procedure have been described by Ball et al. (2008) and Sims et al. (2008a Sims et al. ( , 2008b Ra, a dual SEM/RPQ collector block was used for simultaneous measurement of these isotopes. For this study, c. 3 and 0Á5 g of powder were dissolved for the plagioclase separates and groundmasses, respectively. Dissolution was carried out by a series of digestions using HF and HNO 3 perchloric acid fuming. Th and U were separated and purified using two anion columns filled with AG1-X8 resin. Samples were loaded in the first column in HNO 3 to separate Th and U from the silicate rock matrix. In the second column, samples were loaded in HCl to separate Th from U. Th isotopes were measured by MC-ICP-MS. U and Th concentrations on separate liquid aliquots from the same powder dissolution were determined by isotope dilution. Th)
Our measured values for BCR-2 demonstrate equilibrium for this old rock standard ($12 Ma) and within the range of previously reported values (Sims et al., 2008a; Matthews et al., 2010) . Another indication of the quality and interlaboratory consistency of the data reported here is that the ( (Reubi et al., 2014) .
RESULTS

Chemistry and texture of plagioclase
Plagioclase compositions in the samples investigated show nearly identical ranges with a main unimodal population between An 45 and An 60 and outliers extending to An 80 (Fig. 3) . The compositional outliers (>An 65 ) represent between 0Á6 and 6Á9% of the points analysed, implying that 1-13% of the grains investigated comprise a Ca-rich zone. The same distributions are observed for analyses carried out on crystal separates by systematically measuring the highest and lowest An% (identified on BSE images) in each fragment and for profiles and spot analyses carried out on selected crystals in polished thin sections (Fig. 3b) . No distinct compositional differences are observed between the size fractions. The 90-125 lm fractions have only marginally lower average An%, narrower main populations, and lower proportion of outliers compared with the 125-355 lm fractions (Fig. 3a) . There are also no systematic compositional differences between the fractions of variable degrees of purity (Fig. 3a) . Small (<1 lm) inclusions of magnetite and apatite, as well as melt inclusions, are observed in plagioclase from all size fractions (Fig. 4) . Visual inspection of BSE images indicates that the less pure 2007 fractions effectively comprise higher proportions of glass and mineral inclusions, as well as glass adhering to the crystal edges, but are not texturally different from the other fractions.
Overall, it appears that the crystal separates are all compositionally and texturally representative of the same phenocryst population. The 90-125 lm fractions are not representative of microphenocrysts and groundmass plagioclase, as initially hoped, based on the size ranges observed in thin section. They consist predominantly of phenocryst fragments (Fig. 4) .
The predominant (>87%) type of plagioclase shows oscillatory zoning with moderate variations in composition (<15 An%) (Fig. 5a ). Two superimposed types of zonation were observed: (1) oscillatory variations of An with short wavelength (<10 lm) and amplitudes of 5-10 mol %; (2) long-wavelength (>100 lm) variations in An with amplitudes of 10-15 mol % (Fig. 5a) . In some cases, the long-wavelength variations are associated with more pronounced resorption zones. A significant proportion of phenocrysts have a core with lower Ra concentration from 2011 to 2016. The proportions of glass in the plagioclase fractions (% glass incl.) are calculated by mass balance using the measured U and Th contents in the plagioclase fractions and groundmass and the U and Th contents of plagioclase in equilibrium with the groundmass compositions calculated using partition coefficients of 0Á0006 and 0Á00336 for U and Th respectively (Blundy & Wood, 2003). average An% delimited by a sharp increase in An% associated with a more or less pronounced resorption zone and surrounded by outer zones with higher average An% (Fig. 5a ). Occasional (<13%) Ca-rich plagioclase grains showing textural evidence for major resorption events are also observed (Fig. 5b) . The majority of these resorbed plagioclases have corroded high-An (An 65-80 ) cores infilled by low-An plagioclase (An ) and melt inclusions, forming a patchy texture (Fig. 5b) . These resorbed high-An plagioclases have oscillatory-zoned rims with the same range of X An as the oscillatory phenocrysts lacking An-rich cores. The compositional distributions and the zoning patterns observed are identical to those previously observed in all 1998-2010 magmas. Th) ratios are between 1Á25 and 1Á27. These values are indistinguishable from the 1998-2010 whole-rock data published by Reubi et al. (2014) (Fig. 7c) Th) ratios are in the range 1Á24-1Á29 (Fig. 7a and b) . There are no systematic differences in U-series disequilibria between the size fractions from a single sample. Compared with the pure plagioclase separates, the 2007 less pure separates are characterized by lower activity ratios that tend towards the groundmass values.
U-series disequilibria
DISCUSSION
Purity of the crystal separates
Owing to the incompatibility of Th and Ra in plagioclase, the bulk plagioclase separates can be strongly influenced by small amounts of glass or mineral inclusions in which these elements are less incompatible. The measured concentrations must, consequently, be corrected for mineral and glass impurities to calculate accurate crystal ages (Cooper & Reid, 2003) . To estimate the proportion of impurities, we assumed that the groundmass compositions are representative of the melts and calculated the U and Th contents of plagioclase in equilibrium with these melts using partition coefficients from Blundy & Wood (2003) . The proportions of glass impurities in plagioclase separates were then calculated by mass balance on the basis of the measured U and Th contents. The proportions obtained and the partition coefficients used are reported in Table 1 . A good match is observed for the proportion obtained independently from U and Th calculations (Fig. 8a) , which validates this approach and indicates that glasses predominate in the impurities signal.
Corrections for glass impurities are generally made by assuming that the ( 226 Ra), ( 230 Th) and ( 238 U) activities in the impurities are the same as those measured in the groundmass (i.e. residual melt) (Cooper & Reid, 2003 , 2008 . This may, however, not be the case if the impurities are dominated by glass inclusions that are older than or not of the same composition as the groundmass. (Fig. 8b and c) . For the Th) in plagioclase separates can, nevertheless, not be reproduced by simple twocomponent mixing and require small amounts (<3%) of magnetite in some of the crystal separates (Fig. 8d) , as anticipated on the basis of the BSE images (Fig. 4) Th. The trend observed for the 2004 lava could be interpreted as an isochron indicating crystal and/or impurities ages between 11 and 37 ka with a best fit at 23Á6 ka (Fig. 7a) Reubi et al., 2014) . The horizontal black line is a mixing line between plagioclase and magnetite compositions calculated as in Fig. 8d . The dashed curve illustrates the effect of glass impurities on plagioclase separates. It is calculated assuming that the 2004 groundmass is representative of the glass impurities and using the pure plagioclase U and Th contents obtained from the regressions in Fig. 8 . The oblique mixing line along the equiline shows the effect of crustal assimilation of granodiorite forming the basement beneath Colima (data from Reubi et al., 2014) . and/or impurity ages varying between 0 and !350 ka (return to secular equilibrium) for the different plagioclase fractions (Fig. 7b) . However, this is in contradiction to the plagioclase compositional and textural data indicating that the different plagioclase fractions are representative of the same crystal population, but with variable amounts of impurities. Moreover, as discussed above, the U and Th budgets of the uncorrected plagioclase fractions are predominantly controlled by glasses with ( 230 Th) and ( 226 Ra) similar to the groundmass glasses. Variations in impurities or inclusion ages are, therefore, not the controlling factor. The (  230 Th/   232 Th) values measured in the 1998-2010 bulk-rocks show variabilities greater than observed in the plagioclase separates (Fig. 7c) . For the bulk-rocks, these variations are correlated with variations in incompatible trace element ratios and have been explained by crustal assimilation of basement granodiorite (Reubi et al., 2014) . In view of the ( 230 Th/ 232 Th) variability in magmas erupted over the last 18 years (the bulk-rock and groundmass compositions essentially represent the melt compositions for U and Th), we interpret the variations in the bulk plagioclase separates that are strongly influenced by glass impurities to result from short-term variations in melt composition owing to up to 6% crustal contamination during crystallization in the subvolcanic magmatic system (Fig. 7c) . In this case, the crystal separates may have zero 230 Th-238 U ages. Because the melts at Volc an de Colima are in or near U-Th equilibrium, the age resolution of this isotopic system is, however, poor and the presence of older crystals or inclusions cannot be excluded. The only exception is the plagioclase separate 2007 pl1, which has one of the highest ( 230 Th/ 232 Th) measured despite having the highest Th excess (Fig. 7b and c) , indicating a zero crystal age for this isotopic system (i.e. <8500 years). Th) versus the calculated glass proportions. The mixing curves illustrate the role of magnetite inclusions in the plagioclases. The U and Th contents in plagioclase and magnetite are calculated assuming equilibrium with the groundmass compositions and using partition coefficients from Blundy & Wood (2003). ages. Ba has been taken as a chemical proxy for Ra and used to establish 226 Ra/Ba-230 Th/Ba isochrons (e.g. Volpe & Hammond, 1991; Schaefer et al., 1993) . In plagioclase Ra is, however, predicted to be more incompatible than Ba owing to its slightly larger ionic radius (Blundy & Wood, 2003; Fabbrizio et al., 2009) . Cooper et al. (2001) and Cooper & Reid (2003) proposed an approach that takes into account the partitioning between Ra and Ba during crystallization to calculate the composition of the melt in equilibrium with the pure plagioclases (corrected for impurities). The 226 Ra/Ba versus time evolution curve of this melt can then be calculated and compared with the same curve for the groundmass or bulk-rock composition assumed to be representative of the crystallizing melt. We used a similar approach but used 226 Th instead of 226 Ra/Ba. In Volc an de Colima 1998-2007 magmas, the melt inclusions indicate a late enrichment in Ba (and LILE) during crystallization, interpreted to result from incongruent melting of interstitial biotite during assimilation of gabbroic fragments in the melt (Reubi & Blundy, 2008) . Ba concentrations in the plagioclase and residual melt (i.e. groundmass) are, therefore, anticipated to differ significantly from values related by equilibrium crystallization. As Th is less affected, if affected at all, and highprecision isotope dilution concentrations were measured for this element, we used it instead of Ba. We note that the melt in equilibrium with the plagioclase tends to have ( 226 Ra) higher than the corresponding groundmass (Fig. 9) , implying that Ra was not added in the melt along with Ba during assimilation of gabbroic fragments. If a late addition of Ra occurred, the crystal ages reported below would be overestimates.
To determine the 226 Ra-230 Th crystal ages, we used the Ra K D plag/melt formulation obtained experimentally by Fabbrizio et al. (2009) and from the lattice strain model of Blundy & Wood (2003) , as well as the Th K D plag/melt from Blundy & Wood (2003) . The temperature of crystallization of the Volc an de Colima 1998-2010 magmas given by the two-pyroxene, ilmenitemagnetite and plagioclase-melt thermometers is 990 6 50 C (Reubi & Blundy, 2008; Reubi et al., 2013) . This temperature range and the average plagioclase composition measured for the crystal separates were used to calculate Ra K D plag/melt . The errors on the regression used to determine the ( 230 Th) and ( 226 Ra) in pure plagioclase were also included to calculate the range of possible ages. The evolution curves giving the minimal, maximal and preferred (990 C) ages are shown for the two Ra partition coefficient formulations in Fig. 9 . Ages calculated using Blundy & Wood (2003) (Fig. 9a and  b) . Undefined ages are obtained using the Ra K D plag/melt formulation of Fabbrizio et al (2009) ; that is, the calculated melt has a higher ( 226 Ra/ 230 Th) then the groundmass, except for the lowest permissible Ra evolution curves, which give maximum ages of 100 and 200 years for 2004 and 2007, respectively ( Fig. 9c and d) . These Influence of open-system magmatic processes on 226 Th crystal ages Crustal contamination. We argued above that crustal contamination during crystallization affected the U-Th system and this certainly also affected the Ra-Th system. The ( 226 Ra/ 230 Th) decrease produced by 6% assimilation of underlying granodioritic plutonic rocks, as proposed by Reubi et al. (2014) , is, however, small ( 8%) and has negligible effect on the ages obtained, nor can it explain the undefined ages.
Magma mixing. The absence of significant decrease in An% from core to rim in the majority of plagioclases (Fig. 5a ) indicates that these crystals are unlikely to have been produced by closed-system crystallization in the melt represented by the groundmass. Reubi et al. (2013, in press) have shown that plagioclase An% is correlated with the Sr content of the melt and that the longwavelength (>100 lm) zonations result from changes in melt composition produced by repetitive influx of less differentiated melts during crystallization in the Colima magmatic system. The closed-system crystallization assumption inherent to the dating approach used is clearly not met. The ( 226 Ra/ 230 Th) ratios in the 1998-2010 bulk-rocks and groundmasses do not vary appreciably and a very similar ratio was measured in the groundmass of the 1880 lava flow (Fig. 6 and Table 1 ).
226
Ra excesses in the melts have remained almost constant for the last 135 years at Colima. Crystallization in a system repetitively fluxed by melts with constant ( 226 Ra/ 230 Th) is a plausible scenario in agreement with the observed plagioclase zoning. In this open-system case, the model ages would be 1200 years (Fig. 9) .
Magma mingling and antecrystals. The presence of resorbed Ca-rich plagioclases in the investigated magmatic rocks (Figs 2 and 5b) indicates that at least two populations, likely to have different ages, were mingled. Owing to the fact that the Ra partition coefficient decreases with increasing An% of plagioclase (Blundy & Wood, 2003; Fabbrizio et al., 2009) , the Ra contribution of the 1-13% of Ca-rich plagioclase is at most 4% of the total Ra content in the plagioclase separates (<2% if we consider the estimated volumetric proportion of Carich plagioclase). The influence of these crystals on the crystal Ra-Th model ages is thus negligible and their age is impossible to assess. The U and Th contribution of the Ca-rich plagioclase in the crystal separates is slightly higher (estimated to be 5%), but remains too small to be significant.
Of more interest are the cores with lower average An% observed in most plagioclase from the predominant population of An (Fig. 5a ). These cores are often bounded by a resorption zone and a sharp increase in An%, suggesting that they could represent older crystals that were entrained in the ascending magmas in which the oscillatory zoned rims formed subsequently. The volume proportion of these cores in the plagioclase population is estimated to be around 20% based on their surface measured on BSE images and assuming a tabular crystal shape. Taking into account the higher Ra partition coefficient resulting from lower average An content than in the rims (47 and 53 An%, respectively), it appears that these cores have appreciable leverage on the plagioclase Ra-Th ages. To evaluate their maximum possible age, we modelled the influence of the cores using the Blundy & Wood (2003) partition coefficients; that is, at the higher end of the age spectrum (Fig. 9) . The models assume that the outer oscillatory zoned part of the crystals formed rapidly in response to magma ascent and degassing prior to eruption and is, consequently, in equilibrium with the groundmass. The bulk plagioclase activity ratios are then calculated as a function of the age of the core (Fig.  10) . Taking into account the errors on the ( 226 Ra/ 230 Th) obtained for the pure plagioclase fractions, these models indicate ages between 1750 and >8000 years (i.e. secular equilibrium) for the cores (Fig. 10a) . The maximum possible core ages can be further evaluated to be < 8500 years using the ( 230 Th/ 232 Th) of the plagioclase fraction the least affected by glass impurities [lowest ( 238 U/ 232 Th) in Fig. 7c] (Fig. 10b) . Considering that the rims are chemically zoned and generally show several minor zones of resorption (Fig. 5a ), more complex models in which only a part of the rims has a zero age may be considered. In this case, younger ages are obtained for the cores. This is illustrated in Fig. 10a by an arbitrarily chosen crystallization scenario in which the core is 4000 years old, 62% of the rim has a zero age and the remaining inner rim age varies between 0 and 4000 years, with best fits in the range between 1200 and 1700 years.
Crystallization rate and crystal residence time
The duration of crystallization can be estimated by combining the observed crystal size with estimates of growth rate. Cashman (1990) suggested that crystal growth rates under most magmatic cooling conditions are fairly uniform between 10 À9 and 10 À10 mm s À1 . Subsequent studies have found that plagioclase growth Fig. 7b and c). The intersections between the glass and melt plag curves give the age of crystallization assuming a closed system. Crystallization ages in a system where the melt composition is buffered by repetitive influxes of melt are given by the intersection between the melt plag curves and the horizontal open-system dashed line (see main text for discussion).
rates may be as high as 10 À7 to 10 À6 mm s À1 in ascending magmas where crystallization is driven by decompression and water exsolution (Couch et al., 2003; Brugger & Hammer, 2010) . By applying this approach to Colima magmas, durations of crystallization between 4 and 190 years are obtained using the cooling-induced growth rates and between 2 and 70 days using the degassing-induced rates.
If we consider the lower end of the Ra-Th crystal age spectrum, these durations may also be the overall residence time of the crystals in the magmatic system and depict a crystallization burst shortly before eruption. At the higher end of the spectrum, the crystal ages of up to 2000 years could be weighted averages of crystals comprising a core up to 8500 years old and an outer zone that crystallized shortly before eruption, implying long periods devoid of crystallization.
Elusive temporal relationship between degassing and crystallization
The melt inclusions chemistry indicates that in Colima magmas, as in many volatile-saturated arc magmas, H 2 O loss during degassing is the predominant cause of crystallization (Reubi et al., 2013) . The time scales for degassing and crystallization may, therefore, be anticipated to be similar. The time scale of degassing can be constrained using [210] [211] [212] [213] [214] [215] [216] [217] [218] [219] [220] [221] [222] [223] [224] [225] [226] Ra disequilibria in magmas, because one of the intermediate isotopes, 222 Rn, is highly volatile and fractionates into the gas phase (Gill et al., 1985; Gauthier & Condamines, 1999; Berlo et al., 2006; Berlo & Turner, 2010; Sims et al., 2013) . For Colima 1998-2010 magmas, [210] [211] [212] [213] [214] [215] [216] [217] [218] [219] [220] [221] [222] [223] [224] [225] [226] Ra disequilibria indicate time scales of degassing between less than 4 months (i.e. within error of zero for the method) and 11 years (Reubi et al., 2015) .
The youngest crystal model ages permissible by the Ra-Th system are compatible with the degassing time scales inferred from the magmas' 210 Ra disequilibria. In this case, crystallization could occur in response to degassing during ascent of the magmas, and the residence times of the crystals and of the melts in the vapour-saturated subvolcanic magmatic system may be essentially equal, although some decoupling between these two phases is suggested by the plagioclase zoning patterns. However, models in which the plagioclase cores (20 vol% of the crystals) are several thousand years older and only the outer zones (or part of them) crystallized over times scales similar to the degassing time scales are also permissible by the U-series crystal ages spectrum. On the basis of the plagioclase zoning, particularly the ubiquitous presence of low-An% cores, we favour a model in which only the outer zones, or part of them, formed on the degassing time scales recorded by 210 Ra disequilibria in the magmas. In this case the residence times of the crystals (or part of them) in the subvolcanic magmatic system may exceed the residence times of the degassing melts by up to thousands of years. However, better constraints on the proportion of plagioclase that crystallized on the time scale recorded by 222 Rn degassing are necessary to address this question. This may be obtained by measuring concomitantly ( Th) for bulk plagioclase separates at t ¼ 0 as a function of the age of the crystals' cores and inner rims. The curves showing the bulk plagioclase separates activity ratios at t ¼ 0 are calculated assuming that the outer parts of the crystals are zero age and in equilibrium with the groundmass. The plagioclase rim ( of up to tens of thousands of years (e.g. Volpe & Hammond, 1991; Cooper & Reid, 2003; Turner et al., 2003; Eppich et al., 2012; Ruprecht & Cooper, 2012; Sims et al., 2013; Cooper & Kent, 2014 Th ages (Cooper & Reid, 2003; Turner et al., 2003; Cooper & Kent, 2014 Th plagioclase ages are in the thousands of years range (Claiborne et al., 2010; Stelten & Cooper, 2012) . A general explanation is that the discordant ages reflect episodic crystal growth, over hundreds of thousands of years (Cooper & Reid, 2003 , 2008 . Because these age ranges are one to two orders of magnitude longer than crystal residence times obtained from diffusion chronometry, crystal growth rates or crystal size distributions, they have been taken as indicating that the phenocrysts spent a significant proportion of their time at near-solidus temperatures in a crystal mush (Turner et al., 2003; Cooper & Kent, 2014) .
In the case of Volc an de Colima, U-series model ages demonstrate that the crystals forming the predominant plagioclase population (An 60-40 ) were not sourced from a crystal mush tens to hundreds of thousands of years old (Figs 9 and 10). We note, nevertheless, that the presence of gabbroic crystal clots suggests the presence of a mafic mush in the magmatic system (Reubi & Blundy, 2008) . As mentioned above, the U-Th-Ra contribution of the mafic crystals is too small to affect the U-series model ages and it is likely that the gabbroic fragments are significantly older than the phenocrysts and melts. It is clear that the young crystal ages at Colima are due, to some extent, to the fact that the differentiated magmas entrained a limited proportion of mafic crystals and not significant proportions of crystals from a differentiated mush. More fundamentally, the relatively high volcanic activity and sustained magma flux, as well as the high temperatures of the magmas (990 6 50 C), are possibly the primary factors controlling the young crystal ages. A sustained flux of high-temperature magma has the potential to maintain the temperature of the active part of the subvolcanic magmatic system well above the solidus temperature, thus preventing the formation of a long-lived differentiated crystal mush and limiting the residence time of the crystals. Broadly speaking, Volc an de Colima U-series model ages caution against the generalization of sluggish magmatic systems models with long crystal residence times and raise the possibility that a significant amount of crystallization, if not all of it, could even occur on time scales similar to those for degassing (i.e. months to years). Th model ages in the range 0-2000 years are obtained for the plagioclase separates, assuming a closed-system evolution. Open-system models more compatible with our petrological observations and in which the magmatic system is repetitively fluxed by melts of constant composition yield ages 1200 years. More complex models, elaborated on the basis of the compositional zoning observed in plagioclase phenocrysts, further indicate that the cores of the crystals are at most 8500 years old.
CONCLUSIONS
At the lower end of the U-series crystal age spectrum obtained, the residence time of the plagioclases in the magmatic system could be similar to the degassing time scales previously inferred from 210 Pb-
226
Ra disequilibria (i.e. months to years). In this case, the residence times of the crystals in the magmatic system may essentially correspond to the times taken by their carrying melts to ascend through the vapour-saturated section of the magmatic system. At the higher end of the U-series crystal age spectrum, the residence times of the crystals (or part of them) exceed the degassing time scales of the melts by up to thousands of years, implying differential ascent of crystals and melts through the subvolcanic magmatic system. In any case, the U-series crystal model ages indicate that the plagioclase phenocrysts are not sourced from a near-solidus crystal mush several tens to hundreds of thousands of years old, as often suggested for arc volcanoes, and require a more dynamic magmatic system.
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